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Introduction
In 2010, residential buildings accounted for around 27% of the final energy consumption in the EU -27 and about 16% in Portugal [1] . Thus, residential buildings represent a major opportunity for reducing energy requirements and greenhouse gas (GHG) emissions [2] . The potential of urban and architectural design to reduce energy and GHG emissions has been discussed for some decades [3, 4, 5] , and research is needed to assess and ideally to confirm its specific influence on energy requirements and GHG emissions [4, 6, 7] . However, life-cycle (LC) analyses of buildings present many methodological issues and choices, some of which are associated with high uncertainty and variability regarding use phase energy requirements, building lifespan, energy production mix, and other factors that lead to a large range of LC results and that can impede interstudy comparisons.
This paper presents a life-cycle (LC) energy and GHG analysis of three building types in a residential area in Lisbon, Portugal. The assessment examines construction, retrofit and use phases. The main objectives are to quantify the primary energy requirements and GHG intensity of the building types, to assess contributions of each phase, and to compare the three building types. Two functional units are considered in the comparative analysis: per square meter per year and per person per year. The subsequent sections of the paper review LC studies of residential buildings in urban areas, characterize the building types, describe the life-cycle model, present and discuss the results, and give study conclusions.
Life-cycle studies of residential buildings
Over the last several decades, many authors have highlighted the importance of a LC perspective to understand the environmental impacts associated with buildings [e.g. 8, 9, 10, 11] . Table 1 summarizes selected LC studies of residential buildings, focusing on conventional buildings, i.e., built according to practice prevailing at the time and location [12] , as opposed to passive or low energy designs. In one of the first LC studies of buildings, Adalberth [8] calculated the LC energy demand of three dwellings in Sweden and found that the operating phase was associated with 85% of the energy demand. Keoleian et al. [13] A c c e p t e d M a n u s c r i p t 3 several common findings, such as the operation phase of buildings being responsible for the major share of the energy consumption and GHG emissions [e.g. 6, 8, 14] . These studies have many methodological differences, such as the building lifespan, the LC phases considered, whether final or primary energy is considered, the final energy conversion factor, and the functional unit considered, as discussed next. conducted in 9 countries. In all of the studies that considered construction on-site, demolition and transportation of materials, energy for these activities was either negligible or around 1% of the total LC energy. Nemry et al. [11] developed a typology of buildings representative of the residential building stock for the EU-25, and assessed primary energy requirements and global warming potential (GWP), among other impacts. Three LC phases were considered: construction, use and end-of-life. The use phase was found to dominate the environmental impacts (81% to 89% in energy requirement and 80% to 81% in GWP); the construction phase embodied a considerable contribution (12% to 18% in energy requirement and 19% to 20% in GWP). Again, end-of-life impacts were limited, accounting for less than 5% of the total environmental impacts in most cases.
Different energy metrics have been used in LC building studies [12] . Although most studies have used primary energy [e.g. 9, 16] , some present results in final energy [e.g. 15] , and others do not specify whether the analysis used final, primary or some mix of primary and final energy [12] . In a LC study of four buildings in Sweden, Adalberth et al. [10] conducted a sensitivity analysis evaluating the influence of the electricity production mix, the building material data used to calculate environmental impacts during the construction phase, and the energy consumption calculated in the use phase. The electricity production mix had the most influence. GHG emissions were 1. The linkage between building design, energy use and GHG emissions is dependent on and sensitive to climate and socio-demographic characteristics that are geographically and culturally variable. Thus, it is highly relevant to provide comparative studies of existing buildings in different regions. The Lisbon case study described in the present paper compared three long-lived buildings of the same typology, location and materials, which allows an analysis of the effect of building design, a topic that has received little attention in the literature. In addition, we applied a comprehensive econometric model that integrates the building design and socio-demographic characteristics, recently developed for Portugal.
This model estimated household energy consumption based on the number of occupants, building age, dwelling area, dwelling type, urbanization level and region using recent statistical data. The approach is efficient and broadly applicable to circumstances when historical and representative energy data is not available, and it circumvents the need for many assumptions and parameters used in engineering or demand-type models of household energy consumption.
Calculation

Residential case study
The building types considered are in a residential area in Bairro de Alvalade, in Lisbon, Portugal. The master plan for Bairro de Alvalade was the most significant public development for the expansion of Lisbon in the 1940s, and was planned by the architect Faria da Costa [29] . The development consists of A c c e p t e d M a n u s c r i p t 6 a low rent housing area, presented in Figure 1 , designed by Jacobetty Rosa. The area is characterized by a regular urban morphology with standardized elements: dwellings, buildings and techniques were repeatedly used. The analysis compares three building types (of the nine existing in the area), described next. [30] . The average occupancy was calculated from block-scale statistical units in the case-study area, which contained 88 to 276 people and 10 to 31 buildings each.
Construction phase
For the construction phase, primary energy requirements and GHG emissions were calculated using the Inventory of Carbon and Energy (ICE) Version 2.0 [31] . The ICE lists the embodied energy, carbon and GHG (measured in grams of CO 2 equivalent, g CO 2 eq) for a large number of building materials. The "embodied energy" (EE), defined as the total primary energy (MJ p ) required by the building materials, is the energy consumed in the extraction of raw materials, production of building materials and transportation to the building site ("cradle-to-site") [32] . Similarly, the "embodied GHG" (EGHG)
emissions comprise the GHG emissions from the extraction of raw materials to the building site. In the A c c e p t e d M a n u s c r i p t 7 ICE, the term "embodied carbon" is used for both carbon and GHG emissions. The present paper addresses GHG intensity on a 100-year time horizon, which is the relevant indicator for climate change, and the expression "embodied GHG" (EGHG) is adopted.
Seven building elements were considered: (i) external walls using hydraulic stone masonry and hollow brick masonry, (ii) interior walls using solid and hollow brick masonry, (iii Details regarding building materials were obtained from the original drawings and other project documents maintained at the Municipal Archive of Lisbon (also in [33] ). The type of stone used in exterior wall masonry was assumed to be limestone, based on contemporary construction materials [34, 35] . For each building element or material, volume was based on project documents, and density was on construction material providers and a technical reference [36] .
Retrofit phase
Energy requirements for the building retrofit phase used an intervention scenario with the measures considered listed in Table 2 . Based on the survey by Alegre [33] , roughly half of the buildings in the case-study area have replaced the wooden floors and windows. Energy conservation measures considered included the addition of insulation in external walls and roof, replacement of the roof tiles, and a partial replacement of wall masonry. The embodied energy and GHG emissions associated with these retrofit measures were based on the ICE [31] (see construction phase). The use phase represents household energy demand. Buildings use electricity and natural gas or liquefied petroleum gas (LPG). The total energy use per year was calculated based on the ratio between residential electricity use and natural gas or LPG from the Lisbon Energy Matrix [37] , which provides Regarding (vii) income and (viii) number of appliances, the average for mainland Portugal was considered [38] . Finally, (ix) children were considered to be present in half of the dwellings for each building type (mainland average was 58%), and (x) all dwellings were considered to be owned by the household.
The primary conversion factor for electricity, used to calculate the primary energy requirement, depends largely on the mix of generation technologies. Two conversion factors were considered: 2. MJ p /MJ f [40] , and the GHG emission factor was 72 g CO 2 eq/MJ [40] . Table 3 presents the life-cycle inventories for the three building types, including the quantity of each construction element and the ratio between the quantity and the building's gross built area. Table 4 characterizes the main construction elements in terms of volume, mass, density, embodied energy and GHG. 
Results and discussion
Construction phase
Retrofit phase
The retrofit energy requirement for the 75-year period is presented in Table 6 . The total energy and GHG emissions are higher in larger buildings. However, on a per square meter basis, energy requirement and GHG emissions are slightly lower in larger buildings. This is probably due to the higher ratio of building envelope/floor area in smaller buildings. The only retrofit measure that has higher impacts per square meter in building type 8 is the replacement of floors, which is the only measure that does not affect the building envelope. The error bars result from the two primary energy conversion factors used for household electricity consumption. The use phase has the greatest primary energy demand and GHG emissions for the three building types, representing 69-83% of both. The construction phase accounts for 14-25% of both energy and GHG emissions, while the retrofit phase accounts for less than 7% in all cases. A c c e p t e d M a n u s c r i p t
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The estimated LC energy use for the three building types is comparable to that in recent literature. A c c e p t e d M a n u s c r i p t
Primary energy incorporates not only final energy consumption, but also the (upstream) energy used to produce and deliver it. Energy use should be quantified in terms of primary energy since this incorporates the life-cycle efficiency of the different energy types and electricity generation mix [12, 41] and reflects the true environmental implications of energy use. However, the technology and generation mix can evolve and change significantly during a building's long lifespan. In this paper, two primary energy conversion factors for electricity were evaluated (2.0 and 2.5 MJ p /MJ f ) which changed the building's total LC energy use by 11-13%. The impact of electricity production mix, highlighted by
Adalberth [10] , is important for identifying potential improvements that can reduce energy requirements;
however, it can make comparisons between LC studies of buildings more difficult.
Energy consumption during the use phase also changes, and predictions over the building LC (e.g., Building lifespan is also variable and difficult to predict [11] . While many buildings in Europe were built in the last few decades, over 40% of residential buildings were built before the 1960s and some are hundreds of years old [44] . We considered a 75-year lifespan (buildings were constructed in the 1940s), which has the effect of lowering energy and environmental burdens compared to the 50-year lifespan 
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Building end-of-life phase is considered negligible in the overall energy requirement and GHG emissions [24, 9, 11, 12] , and thus was not considered in the present analysis. In addition, dismantlement and waste treatment scenarios can be difficult to foresee (see section 2). The exclusion of this phase is not expected to substantially alter results.
The selection of functional units depends on the goal and scope of the LC study. Most LC studies of buildings have adopted area-based functional units, which allow the comparison of design alternatives for a house, for example. Using an area-based functional unit, larger dwellings have lower energy requirements and lower GHG emissions for the same occupancy, but these indicators do not necessarily translate to better environmental performance. In contrast, the use of an occupancy-based functional unit (often used in studies at the urban scale) can overlook the building's performance, e.g., high occupancy could compensate for poor environmental performance. Thus, to provide comprehensive and useful insight on the environmental impacts associated with buildings, we recommend the use of both functional units.
The building design and materials were obtained mainly from original project documents. Few project data were unavailable, i.e., the type of stone in exterior walls masonry and material densities. Embodied energy and GHG emissions of building materials were based on data provided by the ICE [31] , which is derived from U.K. production processes. Although these uncertainties are not expected to significantly change results, more appropriate and site-specific data would improve the accuracy of the analysis.
Conclusion
Life-cycle analyses of primary energy and GHG emissions were developed for three building types located in a residential area in Lisbon. Three types of buildings were compared, and building construction, retrofit and use phases were considered. The use phase was dominant, accounting for 69-83% of the total energy requirement and GHG emissions over the buildings' 75-year lifetime.
Considering the construction phase, walls represent the largest embedded energy requirement and GHG emissions, e.g., across the three building types, exterior walls represented 30-33% and 34-37% of energy and GHG burdens, respectively; interior walls accounted for 23-24% and 34%, and floors contributed 30-37% and 18-23%. In the largest building, these burdens are lower by 9-11% for energy and GHG emissions expressed on a per square meter basis. However, these differences are relatively small since the construction phase accounts for less than 25% of the overall life-cycle burden. A c c e p t e d M a n u s c r i p t M a n u s c r i p t A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t 
